When observed in the electron microscope intact gas vesicles appeared as transparent areas in whole cells of Microcyclus aquaticus, whereas vesicles collapsed by centrifugation were not discernible. Within 5 min of suspending cells containing collapsed vesicles in growth medium, small transparent vesicles were detected. By 15 min the average number of vesicles per cell was 15. This number remained relatively constant while the size of the vesicles increased until they attained their maximum diameter of 100 nm. At this time the vesicles, interpreted as biconical structures, began to elongate presumably due to the synthesis of the cylindrical midsection. Closely correlated with the time at which vesicles began to elongate was the initiation of smaller vesicles which resulted in a doubling of the number of vesicles per cell by 90 min. This evidence coupled with the isolation of a mutant which assembles only the conical portions of the vesicle suggests that assembly occurs in two distinct stages subject to genetic mutation. Protein and ribonucleic acid synthesis, and presumably adenosine triphosphate formation, were required for gas vesicle assembly. In addition, inhibition of protein or ribonucleic acid synthesis resulted in a loss of extant gas vesicles. Over the time course of our study, deoxyribonucleic acid synthesis was not required for gas vesicle assembly or stability.
Gas vacuoles are highly refractile, gas-containing cytoplasmic inclusions found in certain prokaryotic organisms. Representatives from a wide variety of prokaryotic groups including blue-green, purple, and green photosynthetic bacteria as well as heterotrophic bacteria contain this structure. Almost all gas vacuolate organisms are found in aquatic habitats and are nonmotile. Because the gas vacuole provides buoyancy to cells, its primary function may be to enable organisms to regulate their vertical position in a water column (16), although other functions have also been attributed to it (3, 13) .
The vacuoles observed by light microscopy can be resolved by electron microscopy into a number of smaller structures called gas vesicles. These organelles have the shape of cylinders with conical ends and are composed of a singlelayered membrane 2 nm wide. Chemical analyses indicate that the major, and perhaps sole, component of the vesicle membrane is protein (1, 4, 5) . The protein occurs in subunits that are arranged in a linear pattern to form ribs running at right angles to the long axis of the vesicle. The membrane excludes cytoplasm from the interior but is freely permeable to gases so that the composition and pressure of the gas within the vesicle is the same as the ambient atmosphere (14) . Thus, the structure is not supported by a positive gas pressure from within, but is rigid; it can, however, be collapsed when sufficient hydrostatic pressure is applied (15).
The aim of this investigation was to study the kinetics of gas vesicle formation and the effect of various inhibitors of protein, ribonucleic acid (RNA), and deoxyribonucleic acid (DNA) synthesis on this process. We chose to use the heterotrophic bacterium Microcyclus aquaticus for these studies because the gas vesicles of this organism can be readily observed in intact, whole cells by using the electron microscope.
Therefore, in contrast to the blue-green bacteria, one can enumerate and measure the vesicles in individual cells.
MATERIALS AND METHODS
Bacterial strains and cultural conditions. All strains were derived from Microcyclus aquaticus strain M, ATCC 27068. Strain S1 contains gas vacuoles under all cultural conditions (11) . Cultures were routinely grown in CAGV medium, which contains 1 g of glucose, 1 g of vitamin-free Casamino Acids (Difco), 20 ml of modified Hutner's salt solution, and 10 ml of a vitamin solution per liter of medium (10 Quantitation of gas vacuolation. Samples (1 ml) were fixed with iodine solution (5 g of I2 and 10 g of KI in 100 ml of water) at a final concentration of 0.5% (vol/vol) and stored at 4 C until they were examined. For electron microscopic examination, a drop of the sample was dried onto a Formvar-coated copper grid and examined as above. Electron micrographs were taken of representative fields and examined by using a dissecting microscope. Individual gas vesicles were measured by using an ocular micrometer. Between 30 and 100 cells were examined to determine the average number of gas vesicles per cell, and 50 to 100 individual gas vesicles were measured to compute the mean length and width of the gas vesicles in a sample.
The surface area of a gas vesicle was determined by using the following formulae, assuming that the conical portions of the gas vesicles were right circular RNA and DNA synthesis. Nucleic acid synthesis was followed by labeling with [3H]adenine (New England Nuclear, Boston, Mass.), 27.4 Ci/mmol. Strain S2, an adenine auxotroph, was grown in CAGV plus 10 Ag of adenine per ml to a density of 106 cells/ml and [3H]adenine was added to a final specific *activity of 0.25 Ci/mmol. To determine total nucleic acid incorporation, 0.1-ml samples were added to 2 ml of cold 10% trichloroacetic acid and put on ice for 1 h. A drop of carrier DNA (herring sperm) was added, and the samples were filtered onto a 0.22-,gm (pore size) membrane filter (25 mm in diameter; Millipore) presoaked in 5% trichloroacetic acid plus 50 Mg of adenine per ml. The filters were washed two times with 5% trichloroacetic acid plus adenine, once with 1 N KOH, once with 95% ethanol, and finally with 5% trichloroacetic acid plus adenine, dried, and counted in Liquifluor (New England Nuclear, Boston, Mass.). Samples were counted in a Beckman LS-100 scintillation counter.
Incorporation into DNA was determined by taking a 0.2-ml sample, adding 0.1 ml of 0.2 M ethylenediaminetetraacetic acid and 0.1 ml of lysozyme (10 mg/ml). This was placed on ice for 15 min; 0.6 ml of 1.2% Triton X-100 and 0.06 ml of Pronase (1 mg/ml) were added, and the sample was incubated at 37 C for 60 min. One milliliter of 1 N KOH was added, and the sample was incubated overnight at 37 C, after which it was neutralized with 1 N HCl, precipitated with an equal volume of cold 20% trichloroacetic acid, and placed on ice for 60 min. The sample was filtered, washed, and counted as described for total incorporation samples. Incorporation into RNA was calculated as the difference between total incorporation and DNA incorporation.
Mutant isolation. Cells were grown in DM broth to a density of 108 cells/ml, 10 ml was added to a glass petri dish, and the sample was irradiated for 90 s with a Hanovia 8341 25-watt ultraviolet light source at a distance of 58 mm while rotating the dish 120 rpm. This period of irradiation caused 99% killing, and the survivors were plated and incubated on CAGV medium in the dark.
RESULTS
Structure of gas vesicles. Negatively stained preparations of gas vesicles from M. aquaticus revealed that they have the same morphological features typical of gas vesicles of other prokaryotes ( Fig. 1 ), appearing as cylinders with conical endpieces. Vesicles are occasionally somewhat distorted when observed in whole cell preparations (Fig. 2 ), but we have resorted to the examination of vesicles in whole cells because it is the most direct method of estimating (i) the number of vesicles per individual cell and (ii) the size (i.e., surface area) of vesicles in a cell.
Kinetics To quantitate the rate of assembly of gas vesicles, estimates were made of the surface area of vesicle membrane at various time intervals. To accomplish this the vesicles were assumed to be biconical structures when their length was less than 100 nm and cylinders with conical endpieces when their length was greater (see formulae in Materials and Methods). This definition was based upon measurements of the conical endpieces of gas vesicles that also contained cylindrical midpieces and also from the gas vesicles of strain S8, in which the gas vesicles lack cylindrical midpieces. The surface area should be directly proportional to the number of protein subunits in a vesicle. When the average surface area of an individual vesicle was plotted versus time after collapse, a linear relationship was obtained after a 10-min lag (Fig. 3) .
Though the number of gas vesicles per cell was relatively constant at 15 from 15 to 50 min after collapse, at 90 min (Fig. 2C) there were a number of small vesicles in addition to the expected complement that had begun to elongate. These small vesicles are most probably the result of new initiations rather than the degradation of existing vesicles since the average number of vesicles per cell doubled between 50 and 90 min (Fig. 4) . Because a gas vesicle cannot be seen until at least 5 min after its initiation, the exact time that assembly of a new vesicle began was estimated from its dimensions assuming that new vesicles were assembled at the same rate as those initiated at time zero. From these data the rate of initiation of gas vesicles was calculated ( Mitomycin C was also bactericidal at this concentration (Table 2 ). Nalidixic acid (50 ,ug/ml) inhibited RNA synthesis by 94% after 20 min and also reduced the rate of DNA synthe-S1S.
Inhibition of gas vesicle assembly. The kinetics of gas vesicle assembly were studied in the presence of several inhibitors. The experimental design was similar to that described above, except that after centrifugation the cells were resuspended in CAGV with one of the following additions: 100 ,g of chloramphenicol, 25 gg of rifampin, or 25 ,ug of mitomycin C per ml, or 0.01 M KCN; the control had no additions. Figure 5 shows the results of this study. Inhibition of DNA synthesis by mitomycin C did not affect gas vesicle assembly over a 13-h period. In contrast, KCN totally inhibited gas Time ofter collpse(min) FIG. 4 . The average number of gas vesicles reassembled per cell after destruction of existing vesicles. Cells of Si were centrifuged and suspended in CAGV (time zero), and the appearance of gas vesicles was monitored by electron microscopy. The bars indicate 95% confidence limits. vesicle assembly. The effects of chloramphenicol (or streptomycin) and rifampin (or nalidixic acid) on gas vesicle assembly were more complex. Inhibition of protein or RNA synthesis affected the rate of assembly of gas vesicles; the degree of inhibition was greater with chloramphenicol than rifampin (77 versus 38%). Chloramphenicol also caused a large reduction in the number of gas vesicles initiated in a cell, whereas in rifampin-treated cultures a normal complement of gas vesicles was initiated, but the number of gas vesicles per cell decreased with time. Thus, when the data were analyzed by computing the total area of gas vesicle membrane/cell (SA x number/cell), rifampin inhibits gas vesicle assembly by 84% and chloramphenicol by 98%. When these inhibitors were added to cells containing gas vacuoles, the vacuoles remained intact in the presence of KCN or mitomycin C, but were completely lost in chloramphenicol-treated cultures, and partially lost in the presence of rifampin. Twelve hours after the addition of chloramphenicol, 85% of the cells had fewer than 15 gas vesicles per cell whereas before the drug was added, the average number per cell was 75. If 25 ug of mitomycin C per ml was added in addition to 100 Mg of chloramphenicol per ml, gas-vacuolate cells lost vesicles more slowly than in cultures treated with chloramphenicol alone.
Gas vesicle mutant that lacks the cylindrical midpiece. Gas vacuolate cells produce opaque colonies on solid media because of light scattering by the gas vacuoles. After ultraviolet irradiation, M. aquaticus was grown on CAGV plates, and the colonies were examined for changes in opacity. In this manner, strain S8, which only assembles the conical endpieces, was isolated (Fig. 6) . We have examined several hundred cells of S8 by electron microscopy and have never seen gas vesicles with cylindrical midpieces. DISCUSSION The formation of gas vesicles in M. aquaticus appears to occur in two distinct stages. Initially gas vesicles are biconical structures and retain this form until they measure 100 by 100 nm. The second stage of vesicle assembly involves the formation of the cylindrial midpiece, resulting ultimately in a structure measuring 250 by 100 nm.
Centrifugation of gas vacuolate cells results in the presence of a large number of collapsed vesicle membranes, whose fate during the reformation of gas vesicles must be resolved. Reinflation of collapsed gas vesicles in Anabaena flos-aquae has been ruled out by studies of the membrane's permeability to gas and the rigid nature of the vesicles (14) . Reinflation would require that the membrane be gas-tight while the vesicle was being inflated, yet the vesicles of A. flos-aquae were permeable to gas both entering and leaving the vesicle. with the isolation of a gas vesicle mutant that only assembles the conical endpieces, the correlation of new vesicle initiation with completion of stage 1 is most likely in the case of (ii). With regard to (iii) it is noteworthy that the vesicle protein of Halobacterium halobium has been reported to contain tightly bound phosphate and galactose (5), which might alter the conformation of the vesicle subunits just as glycogen phosphorylase of mammalian cells and glutamine synthetase of Escherichia coli can be modified by low-molecular-weight compounds (9) .
The rate of assembly of a gas vesicle was constant after 10 min. This constant rate of assembly was not anticipated for two reasons. First, we have presented evidence that gas vesicle assembly consists of two distinct processes, and there was no a priori reason to believe that these stages would proceed at the same rate. Also, there was an increase in the number of gas vesicles per cell from 15 to 40 during the time of the experiments. One would expect the assembly rate of a gas vesicle to decrease when the number of assembly sites doubled if the availability of subunits limited the rate of assembly. Since the rate was constant, either the availability of subunits did not limit assembly or the subunits were produced at an increased rate when the number of vesicles increased.
Gas vesicle assembly can be prevented by inhibiting protein and RNA synthesis and presumably by interference with adenosine triphosphate formation (by KCN), but assembly is not affected by inhibition of DNA synthesis.
Since protein is the major, if not sole, constituent of gas vesicle membranes, it is not surprising that protein synthesis is necessary for gas vesicle assembly. Apparently de novo protein synthesis is required to reform gas vesicles in cells after collapse of existing gas vesicles, since treating cultures with chloramphenicol resulted in a 98% decrease in gas vesicle formation. The newly synthesized proteins may be the vesicle subunits, or they might be other proteins required for assembly, since the collapsed vesicles could be a source of subunits. Inhibition of RNA synthesis affects gas vesicle assembly since protein synthesis ceases when no mRNA is made. In the presence of these inhibitors, some gas vesicle assembly does occur. This could be explained by (i) the utilization of the subunits of collapsed vesicles to a very limited extent, (ii) the existence of a pool of vesicle subunits in the cell, or (iii) incomplete inhibition of protein synthesis. Note that the effects of rifampin and chloramphenicol on the number of vesicles initiated after centrifugation were quite different. Rifampin-treated cultures contained nearly a normal complement of gas vesicles after 30 min, although incorporation of [3H ]adenine into RNA showed that RNA synthesis was inhibited by 95% after 20 min. Apparently the protein synthesis that did occur during this period was sufficient to allow normal vesicle initiation. The decrease in vesicle numbers in rifampin-treated cultures could result from vesicle degradation or dilution of the number per cell by cell division. In either case, there is no increase in vesicle numbers, although individual vesicles increased in size. Energy generation has also been shown to be necessary for gas vesicle assembly in H. halobium, in that 2,4-dinitrophenol and anaerobic conditions prevented reappearance of gas vacuoles in cells whose vacuoles had been destroyed (6) .
Treatment of gas-vacuolate cells with chloramphenicol or rifampin caused degradation of intact gas vesicles. Thus, the gas vesicle is not a static structure but appears to exist in a state of dynamic equilibrium requiring continued protein synthesis to maintain its integrity. Our data suggest that degradation of gas vesicles involves the reverse reaction of assembly, since the average size of extant gas vesicles decreased after treatment with chloramphenicol. Mitomycin C should also promote degradation of gas vesicles since it is reported to cause breakdown of DNA (2) , and thus RNA and protein synthesis must cease after a period of time in mitomycin-treated cultures. Gas vesicles should then be degraded in these cultures. This effect was not seen and, in fact, addition of mitomycin decreased the ability of chloramphenicol to cause gas vesicle degradation. Thus, in addition to preventing DNA synthesis, mitomycin may have a secondary effect in that it prevents degradation of existing vesicles.
